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Abstract 
This work is concerned with the simulation of ductile damage evolution and the respective final material failure resulting from
load reversals (LCF). For that purpose, a continuum damage mechanics (CDM) model proposed by Lemaitre is modified and 
utilized. This model has been validated by means of experiments of Al2024 alloy. These experiments involve specimens with 
different testing conditions. First, monotonic tensile tests have been considered. Subsequently, the cyclic yielding behavior has
been characterized performing cyclic plasticity and damage tests on flat smooth specimen. The predictions of the model are 
compared to the experimentally observed results. Within the present work, special emphasis is placed on the experimental setup 
for fatigue testing of flat specimens as well as on the predictions of the number of cycles to final failure and the crack initiation
loci. 
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1. Introduction 
Metal sheets show a broad range of industrial applications. For example, (i) stainless steel plates are used in ship 
manufacturing and (ii) high strength aluminum alloys are frequently applied in aviation and automotive industry. 
Considering aluminum alloys such as Al2024-T351 as an additional example, they are widely used for structural 
purposes, especially in transportation. In aerospace industry they are used in the form of sheets and plates for the 
fuselage and the lower wing. 
One of the important considerations in the design of components made of metal sheets is the estimation of the cyclic 
lifetime and the analysis of the critical regions of the respective constructions. Particularly, in applications in which 
the stresses reach the yield limit, this is crucial. Such loading conditions can occur in airplane structures during or 
after unpredictable mechanical impacts, e.g. hard landing, bad weather conditions, operational errors, failure of 
structural integrity, etc. Therefore, today’s airplane design is based on numerous tests on specimens of various sizes 
for the estimation of the residual strength of certain components such as the fuselage. The prediction of the lifetime 
of a particular material becomes vital starting from the initiation of damage till the final failure. Such predictions are 
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especially difficult for components made of metal sheets, since they attain different deformation behavior in 
different directions (anisotropy due to the manufacturing process).  
Alternatively to costly experiments, the lifetime of the aforementioned structures can be simulated by using CDM 
approaches, [1]. Within such models, damage affects not only the material’s yield function but also reduces the 
stiffness through the definition of the effective stress.  
The present work envisages the orientation-dependent deformation of Al2024-T351 under cyclic loading conditions, 
the failure and damage mechanisms, and their prediction by numerical methods. Characterization of the 
microstructure is made by quantitative image analysis, yielding the morphology of grains and particles in the 
material; fractography clarifies the basic mechanisms of failure, which will be modeled using an anisotropic damage 
model (Lemaitre) [2]. The respective parameters are calibrated from smooth flat specimen machined for different 
orientations of the sheet metal. 
2. Materials and experimental procedures
The material considered in the present study is a member of the Al-Cu family. Hardening is achieved by aging. 
The material is a hot rolled sheet of Al 2024, as received in T351 temper (solution heat treated, air-quenched, stress-
relieved by cold stretching).The chemical composition is given in the Table 1 below. 
Table 1: Composition of Al 2024 T351 by chemical analysis 
Cu Mg Mn Si Fe Cr Al
4.11 1.12 0.46 0.048 0.05 0.003 Rest
Smooth specimens were machined from a sheet of 4.0 mm thickness for each of the two directions orthogonal 
with respect to the sheet’s rolling direction, namely 
x L ‘Longitudinal’ 
x perpendicular to the rolling direction, T ‘Transversal’ 
The geometry of the fatigue specimens is shown in Fig.1. It has been designed to minimize buckling during 
fatigue tests conducted under a negative strain ratio[3]. 
Figure 1: Specimen’s geometry used in the tests 
The tensile tests were performed under displacement control using a mechanical Zwick 1484 testing machine 
(maximum force 200 kN) with a constant cross head speed of 0.5 mm/min, while the cyclic tests were done on a 
Schenck 160kN servohydraulic testing machine. An extensometer with gauge length of 8mm (attached to the 
specimen on the sides; see figure 2) was used to measure the displacement close to the region of interest with high 
resolution. 
The cyclic tests have been conducted at room temperature with triangular loading steps at the frequency of 0.01 
Hz with fully reverse control of the strain amplitude (R = -1). The determination of the fatigue properties in thin 
sheets is extremely problematic due to the high risk of buckling of the sheet during compression [4, 5]. An anti-
buckling guide was used to prevent this, allowing the specimen to “lean” against the guide without buckling. A 
floating guide concept is used for the buckling guide system, cf. figure 2. In order to reduce the out-of plane 
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slackness, while not affecting the movement in axial direction strongly, a Teflon (PTFE) film of 1mm thickness is 
inserted between the buckling guide and both sides of the specimen. 
a) b)
Figure 2: Anti-buckling support during LCF experiment. (a) The anti-buckling guide installed on the specimen. (b) The extensometer (gauge 
length 8mm) is attached to the edges of the specimen.
3. Fractography 
After LCF failure of the specimen, the fracture surface morphology was examined with a scanning electron 
microscope, JEOL JSM-6460LV, operated at an accelerating voltage of 20kV. The examination was conducted at 
different magnifications to identify the unique fractographic features, representing the immediate vicinity of crack 
initiation site and the regions of stable and unstable crack growth. 
Figure 3: 30϶ axial view of fractured surfaces, with failure after 133 cycles, ǻİ=0.0275. 
Material inhomogeneities are common fatigue crack nucleation sites in aluminum alloys [6, 7]. Inhomogeneities 
include intrinsic features like constituent particles and micropores, and extrinsic features like surface scratches. 
Figure 3 shows the profile analysis of a fractured surface. Large cavities were found at the surface of the broken 
specimen which indicated an uprooted particle. This is the initiation site of the fatigue crack which grows in a stable 
manner. Area analysis revealed that a bigger particle sizing averagely 10-20ȝm were present at the surface. Another 
observation is the dependence of the lifetime on the size of the particles at the surface, which is inversely 
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proportional. That implies the bigger the particle, the sooner the damage initiates and the less resistant is the 
material. 
4. FE Models & Anisotropic damage law 
Despite the fact that the specimen thickness is comparably small, 3D discretization is used for the simulations. A 
coarse mesh is used for the specimens except for the regions showing stress concentrations and necking. In such 
regions the mesh has been refined to allow a good simulation of necking and the constraints caused by damage 
localization. Quadratic elements (3D bricks with 20 nodes) have been used for discretization. Eight elements are 
used over the thickness. The CDM framework for ductile damage proposed by Lemaitre is utilized. The model was 
implemented in the commercial finite element programme ABAQUS as a user-interface UMAT. 
5. Conclusions 
In this study, the lifetime of Al2024 sheet has been assessed using a CDM model proposed by Lemaitre. Flat 
specimens with rectangular section were chosen due to practicality reasons and elimination of the multi-axial stress 
state. The predictions are good and the damage model is able to predict the correct damage initiation loci. However, 
an enhancement of the model with respect to a brittle-type damage model seems to be promising, since Al2024 acts 
quasi-brittle in the LCF regime. Furthermore, this behavior is strongly dependent on the loading conditions.  
A correct transition of the fracture initiation loci was observed with increasing plastic range in cyclic experiments. 
In an ordinary Low Cycle Fatigue regime (40 - 150 cycles), a fatal crack is formed by the propagation and frequent 
coalescence of small surface cracks. A mesocrack initiates from the surface of the specimen due to the presence of 
bigger brittle intermetallic. Al2024 shows a mixed mode ductile-brittle failure mechanism. 
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